Purpose: To evaluate the effect of transforming growth factor β 1 (TGF-β 1 ) on tendon-to-bone reconstruction of rotator cuff tears. Methods: Seventy-two rat supraspinatus tendons were transected and reconstructed in situ. At 8 and 16 weeks, specimens of three groups; that is control, L-dose (low dose), and H-dose (high dose) were harvested and underwent a biomechanical test to evaluate the maximum load and stiffness values. Histology sections of the tendon-to-bone interface were identified by hematoxylin-eosin or Masson trichrome stain. Collagen type III was observed by picric acid sirius red staining under polarized light. The level of insulin-like growth factor 1 (IGF-1) and vascular endothelial growth factor (VEGF) was measured by the enzyme-linked immunosorbent assay (ELISA) method. Results: Collagen type III of the H-dose group had a significant difference in histology structure compared with the L-dose group (P<0.05). The maximum load and stiffness decreased significantly in the control group compared with the values of the L-dose and H-dose groups. The stiffness among the three groups differed significantly at the same postoperative time (P<0.05). Interestingly, progressive reestablishment of collagen type III affected tendon-tobone healing significantly in the later stages. Conclusion: The H-dose was associated with an increased collagen type III morphology stimulated by TGF-β 1.
■ Introduction
Rotator cuff tears (RCT) are a common cause of debilitating pain and compromised shoulder function. The rotator cuff tendon is damaged by friction, leading to the extrusion of the head of the humerus, acromion, and coracoacromial ligament through the shoulder joint, resulting in the weakening of the anatomical foundation. Numerous studies have clinically validated this type of impingement 1, 2 . These injuries are compounded by tendon-tobone compression, which allows greater stress to be gradually delivered from the tendon to the cartilage-bone, or to gradually pass from the bone to the tendon, possibly causing tendon rupture 3, 4 . There have been several studies in the literature reporting the complications of biological scaffolds 5, 6 . Combinations of cell degeneration and necrosis, fiber degeneration, accumulation of calcification proteins such as collagen, and disappearance of the original wavy shape and small artery intimal hyperplasia may occur 7 . Hernigou et al. 8 have reported that scaffold systems release biologically active insulin-like growth factor over mechanically robust slowly degrading scaffolds. Wardale et al. 9 ,10 demonstrated biologically improved rotator cuff healing in an elderly rat model using mesenchymal stem cells (MSCs) compared with other current techniques. Implantation of MSCs along with collagen type I scaffold was safe and effective for the healing of tendon defects. Thus, novel biological strategies to mechanically augment rotator cuff repair and enhance healing have great potential.
We hypothesized that transforming growth factor β 1 (TGF-β 1 ) sutured into the rat supraspinatus tendon-to-bone interface would increase the muscle's biomechanical strength and histologic organization, allowing for improved tendon-to-bone healing at the rotator cuff footprint. bottle, Shanghai Generay Biotech Co., Ltd, China) were prepared for the experiment. The TGF-β1 antibody was added into high-pressure steam sterilized phosphate buffer saline (0.5 μg/mL), and then mixed with the solution of fibrin glue under aseptic conditions (5.0; 10.0 ng/mL). The animals' TGF-β1 concentration level was divided into two groups as follows: low dose (TGF-β1 concentration treatment of 5.0 ng/mL) and high dose (TGF-β1 concentration treatment of 10.0 ng/mL). Surgery with TGF-β1 plus FG was performed to preserve TGF-β1 high porosity in the three-dimensional structure.
Surgical procedure
An injury rat RCT model was established by surgically transecting the right forelimb supraspinatus tendons (2.3 mm) completely and repairing with a technique on the basis of a well-established protocol 11 . We administered a kaloven injection (5%, batch number 20110926, Kang Dien animal pharmaceutical Co., Ltd., Qingdao Shandong, China) according to 0.1 mL/kg weight 0.5 to 1 hour before surgery to control postoperative pain for a period of 3 postoperative days. Ceftriaxone (0.3g) was injected intramuscularly 30 minutes before surgery to prevent infection. All animals were anesthetized through an intraperitoneal injection of 3% sodium pentobarbital (16-20 mg/kg) before surgery. The first injection was 50% to 75% of the total amount of pentobarbital, followed by an additional 10% to 15% until the animal was successfully anesthetized.
The rat was placed in the lateral decubitus position. After shaving hair off the surgical site and sterilizing the area, a 2 to 2.5 cm longitudinal incision of the right shoulder by an open deltoid-splitting approach was made to expose the supraspinatus of the rotator cuff on the humerus greater tuberosity. The supraspinatus tendon was transected completely and released from the footprint.
The suture ends from the supraspinatus were passed through the bone tunnels to ensure tendon-to-bone postoperative healing. All right shoulders were allowed free movement when the animals were returned to their cages. Dual flush joint cavity suction drainage along the closed wounds was performed to ensure a lack of bleeding, and wounds were checked every other day for redness, swelling, and exudation. All rats were randomly divided into two groups for euthanization with deep anesthesia with an intravenous overdose of pentobarbital (80 mg/ kg) at 8 and 16 weeks postoperatively. Within each group of 24 rats, 12 rats were used for the mechanical test, and the other 12 rats underwent histologic analysis.
Specimens of the supraspinatus and proximal part of the humerus were collected for biomechanical testing and histologic analysis (n = 6 in each group at 8 and 16 weeks each). Specimens 3.0 to 3.5 cm in length were taken from the right forelimb to the large tubercle of the humerus, with the tail of the supraspinatus as the center of the two ends. All authors were blinded to the study groups and time intervals of the specimens at the time of the analysis.
Histological analysis
Specimens were sectioned parallel or perpendicular to the sagittal axis of the complexes and consisted of tendon-tobone interface at a thickness of 6µm. All supraspinatus tendons were well attached, and no migration or gross infection was found in any of the TGF-β1 complexes. To detect the situation in the living tissue, we removed the fresh specimen immediately and worked with frozen machine slices, rather than paraffin slices. The samples were fixed in 10% formalin and decalcified in methy-methacrylate compound, the conventional tissue treatment.
Growth healing of the interface was observed by means of hematoxylin and eosin (H&E) and Masson trichrome staining analysis performed
Biomechanic and histologic analysis of fibroblastic effects of tendon-to-bone healing by transforming growth factor β1 (TGF-β1) in rotator cuff tears Zhang C; Liu YJ by light microscopy (Olympus Co., Osaka, Japan) at 8 and 16 weeks vascularity, tendon fiber arrangement, and structure variations were analyzed. Accurate evaluations were assessed according to Longo et al. 12 .
Collagen fiber types were obtained by picric acid sirius red staining under polarized light. Growth of collagen fibers remodeling tissue and the quantity of collagen type I, II, and III were observed by a high-resolution image using a slide fluorescence microscope equipped with cameras (Leica DM4000-B, Germany). The primary color factors were observed for each group.
Tendon-to-bone chemistry
At 8 and 16 weeks, the content of IGF-1, determined by vascular endothelial growth factor (VEGF) from interfacial samples between the host-bone-and-graft complex were harvested for enzyme-linked immunosorbent assay (ELISA) analysis (n = 6). According to the manufacturer's protocol, the content of insulin like growth factor-1 (IGF-1) was performed with a rat IGF-1 ELISA kit (ab119548, Abcam Co., Ltd., Cambridge, USA). VEGF expression was detected by rat VEGF ELISA kit (ab100784, Abcam Co., Ltd., Cambridge, USA).
Biomechanical testing
The fresh supraspinatus tendons kept moist with normal saline were prepared for mechanical testing (8874, Instron, MA, USA) at room temperature and wax sealed immediately without being frozen. The biomechanical protocol was approved by a well-established model for detecting rat rotator cuff repair [13] [14] [15] [16] . The specimen was fixed on the machine and immediately clamped at 90° with a screw (Figure 1) . The specimen was then stressrelaxed at 5% strain for 5 minutes. Each test was performed by axially preloading to 0.10 N and a pretreatment tensile speed of 0.2 mm/s for five cycles of preconditioning, and then applied at a 2.5 N loading measurement with an elongation speed of 0.6 mm/min until broken down completely. The maximum load (N) and stiffness value (N/mm) were recorded using Sigma Plot 9.0 (SPSS Inc., Chicago, IL, USA). 
Statistical analysis
Data are presented as mean values ± standard deviations (SD). All statistical analyses were performed using SPSS17.0 software (Jande, SPSS Science, Chicago, IL, USA) on a personal computer. The maximum load and tensile stiffness were compared with normal distribution and homogeneity by using factorial analysis of variance (ANOVA). Individual differences between the research and control groups at the same time point were delineated with a least significant difference t test. Differences between groups at each time point were analyzed by using one-way ANOVA. Comparisons of the two experimental means were performed with a rank variance test. An independent t test was used to compare data of the same group at various time points.
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■ Results

H&E staining
Assessment of H&E staining indicated significant differences at 8 and 16 weeks postoperatively in the three groups ( Figure  2A) . Briefly, the H-dose group was significantly different compared to the other two groups.
Fresh vascular proliferation and cartilage orderly arrangement were observed in all groups at this time point. There was less cellular and early cartilage formation in the L-dose group and matrix organization in line with the tendon of the control group (Figure 2A-E) . Fiber vascular granulation tissue remodeling and new hyaline cartilage were obviously visible at the tendon-to bone interface of the H-dose group at 8 weeks (Figure 2A-C) . Tendon fibroblasts had formed progressively, with pale blue hyaline cartilage and cartilage-like cells increasingly oriented in bands in the specimen of the H-dose group at 16 weeks (Figure 2A-F) .
Masson trichrome stain
As shown in Figure 2B (at 8 weeks) , the tendon-to-bone interface cartilage fiber in control group showed significantly lower format orientation of beginning restoration compared to that of the L-dose group ( Figure  2Bb ). Collagen fiber generation in the H-dose group at 16 weeks was clearly seen in the middle of the images, especially forming a new chondrocyte point ( Figure 2B-C) . Suture proliferation of cartilaginous cells of H-dose is seen in the top left corner of the image (Figure  2Bc-f) . The tendon-bone interface of the H-dose cellular collagen and muscle remodeling is arranged in an orderly way compared with that of the other two groups.
Picric acid sirius red staining
The immunohistological analysis of collagen type III under polarized light microscopy showed significant differences among the three groups postoperatively. As shown in Figure 2C at 8 weeks, the collagen type II demonstrating red and bright white in the control group is quite noticeable in the middle of the image compared to the H-dose images, in which the bright white appears in more and more areas at 16 weeks (Figure 2Ca,  d) . The L-dose group has a 39.5% proportion of yellow grains indicating collagen type I, and a small amount of red collagen type II displayed in a relatively disordered arrangement compared with the other two groups (Figure 2Cb, e) . Obvious green particles of collagen type III are closely arranged in a cluster in the H-dose group were observed at 8 weeks (Figure 2Cc) . To prolong the time-allowed activity of TGF-β1, the supraspinatus tendon-to-bone interface at 16 weeks has dense orderly displayed wave conformation of the highly slim green collagen type III, which is arranged longitudinally of the tendon cells (Figure 2Cf) . The semi-quantitative scoring analysis of imaging shows relevant differences among the three groups ( Figure  2D ). Collagen type III proportion in the H-dose group is the maximum amount observed among the three groups. 
The level of IGF-1 and VEGF
As shown in Figure 3 , the results of ELISA demonstrated that the application of TGF-β1 improved significantly the expression of IGF-1 and VEGF after surgery (P<0.05). At 8 and 16 weeks after surgery, the level of IGF-1 increased significantly in the H-dose group compared with the control group (P<0.05). Interestingly, a trend toward a higher VEGF level in the H-dose group was observed compared to the control and L-dose groups ( Figure 3B ). At 16 weeks after surgery, the H-dose group's tendon-to-bone content of VEGF data increased significantly compared with the other two groups (P<0.05).
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Mechanical results
All specimens failed at the tendon-tobone interface joint during the biomechanical test. As shown in Figure 4A , the maximum load of the H-dose group supraspinatus tendon at 8 weeks postoperatively were stronger than those of the other two groups (P<0.05). At 16 weeks, the increased maximum load to failure was significantly higher in the H-dose group compared with the means of other two groups. TGF-β1 in the control group was the weakest among the groups at both time points (F = 11.244, P = 0.015, P<0.05). The final TGF-β1 dose-time interaction showed an increasing trend of the maximum tensile strength (F = 9.207, P = 0.016, P<0.05). A statistical difference was observed in the tendon-to-bone injection of the three groups at the same time point.
As shown in Figure 4B , the maximaum stiffness of the H-dose group increased significantly compared to data of the control group at 8 weeks (F = 11.005, P = 0.001, P<0.05). The stiffness among the three groups was significantly different at the same time point postoperatively (F = 10.211, P = 0.019, P<0.05). Differences of stiffness were observed between dose and time (F = 6.258, P = 0.093, P<0.05). Whereas the H-dose group showed a significant difference compared with the means of the L-dose group at 8 and 16 weeks. At 16 weeks, shoulders that had not received TGF-β1 (control group) were the least stiff compared with that of the L-dose group. 
■ Discussion
Clinical studies have shown a high rate of treatment after massive rotator cuff Biomechanic and histologic analysis of fibroblastic effects of tendon-to-bone healing by transforming growth factor β1 (TGF-β1) in rotator cuff tears Zhang C; Liu YJ repair. Functional outcome after rotator cuff repair is important. We think it was imperative to determine the effect that TGF-β1 has on physiological function and the healing process after rotator cuff repair. Our results have important implications for clinicians performing rotator cuff repair.
In this experiment, a sustainedrelease fibrin glue scaffold was used with TGF-β1 to repair injured ligaments/tendons. In addition, proteins and increased collagen fiber contributed to enhancing mechanical properties of the supraspinatus construction. Similar to previous studies, Loiselle et al. [17] [18] [19] [20] [21] performed antisense oligonucleotides (ASOs) injected into the tendon repair site at 2, 6, and 12 days post-surgery. Their results suggested that modulation of the TGF-β1 signaling pathway could reduce adhesion while maintaining the strength of the repair. Alternatively, our study showed a positive effect of tendon-to-bone interface remodeling and a more rounded IGF-1 ossification occurring 16 weeks after surgery. Overall, our results suggested that administration of TGF-β1 alters the loose connective tissue inflammatory process by increasing extra-cellular matrix homeostasis activity so as to accelerate healing. Klein et al. [22] [23] demonstrated that macrophage infiltration and degeneration accompanied by increased IGF-1 and VEGF expression in a rat model of massive rotator cuff tears did not negatively affect outcomes. Compared to previous studies in our research, it was found that the rate of expression of IGF-1 and VEGF reached rapidity at 16 weeks, which may be at the peak of secretion.
TGF-β1 molecules improve the formation of new fiber and fibrocartilage at the tendon-to-bone attachment site, resulting in improved load to failure. More importantly, the maximum load and stiffness were increased significantly in the H-dose group from 8 to 16 weeks compared with the other groups in our study. A similar finding was described by Lamplot et al. 24 , who investigated the upregulated fibronectin expression of bone morphogenetic protein 13 (BMP13, a growth factor of TGF). Results showed that BMP13 promoted tendon healing, because of its superior biological factor, and reduced the incidence of re-tearing. Hatta et al. [25] [26] [27] [28] [29] demonstrated that BMP13 provided significantly better biomechanical performance when compared to traditional surgery in multiple double rows using the supraspinatus tendon in nine shoulders per group. In the current study, a greater degree of maximum load and stiffness at 16 weeks in the H-dose group suggested differences that were significantly higher than those of the other two groups. Our biomechanical results confirmed that TGF-β1 had higher intensity sustained-release expression of IGF-1 and VEGF in the matrix. Collagen type III regenerated at the tendon interface because of the effect of the combination of IGF-1 and VEGF. As far as maximum load and stiffness, the tendon-to-tendon reconstruction enhanced the mechanism load of action and efficacy significantly in the supraspinatus tendon.
The development of tendon-tobone healing for stimulation of engineered constructs with biological activity for the treatment of rotator cuff tears has expanded rapidly over the past decades. In recent years, numerous studies have shown large failure rates, causing concern about supraspinatus strangulation contractures from adhesion by fatty infiltration. Chen et al. [30] [31] [32] investigated the effects of chitosan on Achilles tendon injury in rats 8 weeks after surgery. Gliding excursion and the content of collagen fibers were used to evaluate the effects of surgery. They demonstrated that chitosan improved the condition of scar tissue and glide tendon healing by reducing the high expression of miR-29b and the downregulation of TGF-β1/ Smad3 level. Conversely, the researchers found that the supraspinatus tendon-to-bone interface was arranged in a dense orderly waved formation similar to normal tendon morphology, and collagen type III facilitated a direct point of footprint area. Tsai et al. 33, 34 previously stated that an increase in TGF-β stimulated the expression of collagen type III and I in the healing process. The purpose of the study was to determine the expression of collagen type III in the rat Achilles tendon using ultrasound and to determine whether a correlation exists between the expression and promotion of synthesis of collagen in the intrinsic tendon cells when using TGF-β1. Meanwhile, in our study, the tendon-to-bone healing has suggested that the amount of collagen type III significantly accelerated at 16 weeks as well as proliferated matrix synthesis and cartilage regeneration.
To the best of our knowledge, this is the first study to investigate the effect of TGF-β1 on tendon bone healing. TGF-β1 upgrades tendonto-bone-related growth factor expression and improves supraspinatus mechanical strength and maturity at the remodeled tendon-tobone junction. Results showed that TGF-β1 promoted tendon cell proliferation synthesis by collagen type III by promoting tendonto-bone healing primarily. We also observed the tendon-to-bone healing at the junction because of the collagen type III-initiated growth. Although collagen type I is the most abundant protein and a major component of the extra-cellular matrix, more importantly, collagen type III would be more extracellular membrane proliferation and the ability to synthesize collagen. It can initiate fibroblast growth that can be evaluated for healing factors and mechanical strength. According to the experiment statistics, IGF-1 and VEGF were expressed at a high level, which supported the collagen type III formation in the H-dose group, 60% of which was found in the parenchyma at the tendon-to-bone interface.
In summary, microscopic observation in the three groups showed an obvious layer of fibroblasts tightly packed between the cartilage-like cells, as well as an acceleration of regeneration of collagen type III as opposed to an inhibition of inflammation and collagen fibers and a small amount of visible connection fibrocartilage (control group). Further studies on reticular and elastic fibers of tendon-tobone interface would help further our findings.
■ Conclusions
TGF-β1Z of H-dose group had positive effects on the tendon healing compared to other two groups in rat rotator cuff. Collagen fibers in the H-dose group promoted the transformation of loose connective tissue to dense tendon-to-bone tissue. Higher concentrations of TGF-β1 resulted in stronger load and stiffness values, and the strength was more than that found in the group that did not use TGF-β1, demonstrating that TGF-β1 is associated with the delivery of more collagen type III in tendon repair.
■
